A novel electromagnetic bandgap (EBG) structural design based on Fractal geometry is presented in this paper. These Fractals, which are the Sierpinski triangles, are arranged to repeat each 60 ∘ to produce the hexagonal unit cells. By changing the gap between two adjacent Sierpinski triangles inside EBG unit cell, we can produce two EBG structures separately that have broadband and dual bandgap. By using the suspending microtrip method, two arrays 3 × 4 of EBG unit cells are utilized to investigate the bandgap of the EBG structures. The EBG operation bandwidth of the broadband structure is about 87% and of the dual-band structure is about 40% and 35% at the center bandgap frequencies, respectively. Moreover, a comparison between the broadband EBG and the conventional mushroom-like EBG has been done. Experimental results of the proposed design show good agreement in comparison with simulation results.
Introduction
Recently, an intensive interest in metamaterials, such as high impedance surface (HIS) composed of metallic or dielectric unit cells, can be observed due to their unique characteristics in antennas and microwave circuits applications [1] . In general, HIS has two unique properties included of electromagnetic bandgap (EBG) and artificial magnetic conductor (AMC). One of the most important properties of EBG structure is to prohibit the propagation of the surface wave [2, 3] . Practical applications of EBG structure usually have difficulty in accommodating its physical size, because the period of EBG lattices has to be a half-wavelength at the bandgap frequency. This problem had not been solved until the mushroom-like EBG was proposed by Sievenpiper et al. [4] . Then, several of novel EBG structures were presented such as spiral EBG, uniplanar compact EBG (UC-EBG), and fork-like EBG. These structures have several advantages, such as compact size low loss. However, due to their resonant property, all of those structures are narrowband which makes them not practical for use in broadband applications. It is a real challenging task to create an EBG with wide bandwidth.
Several broadband EBG structures were found in the literature. Typically, there have been two approaches aiming to obtain EBG structures with wider bandwidth: the use of EBGs with via-holes [5] (with the inconveniences of complex and expensive manufacturing process) and the adoption of multilayered FSSs over a metallic ground plane or multiperiod mushroom-like structure [6] (which yields less compact designs and is rather expensive). Recent research efforts focus on the development of planar EBG that does not need vias and that can be integrated antenna to enhance the gain and reduce the backward radiation and increasing efficiency [7] [8] [9] .
As [10] , several of Fractal shapes can be used for antennas includes: (1) the von Koch curve, (2) the Minkowski curve, (3) the Hilbert curve, (4) the Fractal tree, (5) the Sierpinski (gasket and carpet) Fractals, and (6) the Cantor set. These geometries also can be used in order to create EBG structures. However, only the Fractal shapes that are used for multiband antennas are able to form broader bandgap EBG. Actually, when an EBG structure has multiband, the broadband can be done by overlapping the different single-band to each other. In literature, Sierpinski (gasket and carpet) structures are widely used to create multi-band antenna [10] . From the idea of this design that is produced a hexagonal EBG with Fractal geometry, due to the characteristic of an equilateral triangle, Sierpinski gasket is chosen as a metal patch on the top surface in order to create the hexagonal EBG.
In this paper, the advantage of the novel hexagonal EBG structure was found by investigating in case of changing the gap between two adjacent Sierpinski triangles inside EBG unit cell. As a result, two structures are proposed; in which one structure introduces broad bandwidth and the others introduce dual bandgap. The design of EBG structures involving the mode-2 Sierpinski Gasket triangles (see Figure 1 ) and without via-holes or multilayer substrate is presented. The proposed EBG structures were simulated and measured using the method of suspended microstrip, which is recommended in [11] and a comparison between the measured results and simulated results has been carried out.
The rest of this paper is organized as follows. In Section 2, the detailed designs of the novel EBG structures are presented. By using the suspending microstrip method, the scatter parameters of the proposed EBG structure based on Sierpinski triangle that is formed by different steps, are characterized and simulated in Section 3. Besides, the bandgap of the conventional EBG structure is also determined for verifying the broader bandwidth of the proposed EBG structure. Next, the measurement of the proposed EBG structures in fabrication and discussions are also utilized in Section 4, while the conclusion is provided in Section 5.
Hexagonal EBGs Design
The resonance frequency and the bandwidth of an EBG structure depend on the unit-cell geometry together with substrate's relative dielectric permittivity and thickness. Each unit cell implements a distributed parallel network having one or more resonant frequencies. The resonance frequency of a parallel circuit is defined as follows:
The bandwidth is also an important consideration and is given by
where is the free space impedance, which is 120 . The designed unit cell geometry exhibits six symmetry planes, which makes it polarization-angle independent. The proposed EBG structures are shown in Figure 2 , which are printed on an FR4 dielectric slab with dielectric constant of 4.4 and thickness of 1.6 mm and loss tangent of 0.02. Dark
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Step 4 parts in this figure represent the metallic periodic structure, which is etched on a dielectric substrate. Unit cell dimension is = 10 mm, and the metallization thickness is 18 m. The Sierpinski gasket is a well-known Fractal. The way it can be constructed and its main properties can be found in [12] [13] [14] . In [15] , it is shown that the Sierpinski gasket is a special case of a wider class of Fractals that can be derived from the well-known Pascal's triangle. This class of Fractals can be derived in the following way. Consider an equiangular triangular grid whose rows shall be labelled by = 1, 2, 3, . . .. Each row contains nodes, and to each node a number is attached. This number is the coefficient of the binomial expansion of ( + ) −1 . Now delete from this grid those nodes that are attached to numbers that are divisible by , where is a prime number. The result is a self-similar Fractal that will be referred to as the mod -Sierpinski gasket [13] .
In this paper, The Sierpinski gasket triangle is formed by the following process (see Figure 2) . Firstly, create an equilateral triangle patch with length edge of 1 . The second step of this Fractal EBG is constructed by etching out the center equilateral triangle of length edge 2 inside the patch and subtracting it from the patch. The next stage is achieved by subtracting additional three equilateral triangles of length edge 3 of the center triangles that follows the same technique adopted to realize the mode-2 Sierpinski gasket geometry (see Figure 2 (c)).
From this design, the Sierpinski gasket triangles are arranged to repeat each 60 ∘ . The aim of this work allows modifying the resonance frequencies and the EBG operation bandwidth by changing the width and the gap 1 between the hexagonal lattices. Moreover, by changing the gap 2 between Sierpinski triangle units, two EBG structures are formed separately. The first one, which is called broadband EBG structure (BEBG), has a broader bandgap with the value of 2 greater than 0 mm. The second one, which is called dual-band EBG structure (DEBG), has dual bandgap when the value of 2 is set at 0 mm. These structures are shown in Figures 2(a) and 2(b), respectively.
The Bandgap Characteristics
In this section, the bandgap characteristics of two hexagonal EBG structures, which are formed by the Sierpinski triangle at 2 = 0 and 2 = 0.5 mm, are investigated. Besides, the bandgap of the conventional mushroom-like EBG is also determined in comparison with the proposed EBG structures. In order to analyze the bandgap properties of these EBG structures with finite unit number, an experiment concerning transmission through the above structures has been carried out. A 3 × 4 conventional EBG structure and proposed EBG structures have been simulated using the method of suspended microstrip, which is proposed by Fan to measure the bandgap characteristic of the EBGs, as shown in Figure 3 [11] . The operating frequency is set at 7 GHz, and the 50 Ω microstrip line is placed on a dielectric support layer with the thickness of 0.5 mm. The bandgap bandwidth will be defined with 11 above −5 dB and 21 below −30 dB at the same time.
EBG Structures at Different
Steps. The hexagonal EBG structures with Sierpinski triangles at different steps are investigated in case the value of is fixed at 10 mm while the value of 2 is set at 0 mm and 0.5 mm. The simulation results of the EBG structures based on the Sierpinski triangle at step 1, step 2, and step 3 are shown in Figures 4, 5 , and 6, respectively. In case of step 1, as can be seen in Figure 4 (a), the EBG structure introduces a bandgap, which is ranging from 5.07 GHz to 7.58 GHz, as 2 is equal to 0.5 mm. However, the bandgap was not found in case of 2 value is equal to 0 mm (see Figure 4(b) ). As can be seen from Figure 5 (a), the EBG structure based on the Sierpinski triangle at step 2 has a lower bandgap than the one in the case of step 1. The bandwidth of this bandgap covers from 4.22 to 6.88 GHz. Two bandgaps are defined in Figure 5 (b) when the value of 2 is set at 0 mm. The lower bandgap covers from 2.25 GHz to 2.96 GHz, and the higher one spans from 4.14 GHz to 5.34 GHz. In this case, both bandgaps are defined not clearly, because the ranges of frequencies of 11 , which are up to −5 dB, are not flat. As can be obversed from Figure 6 (a), the bandgap of EBG structure in step 3 is larger than the ones in the case of step 2 as 2 is set at 0.5 mm. This bandgap spans the frequencies from 4.32 to 7.92 GHz. Moreover, when 2 is equal to 0 mm the bandgaps are defined easier than the one in the case of step 2. From Figure 6 (b), the curve of S11 is quite flat in two bandgaps. The first bandgap spans the frequencies from 2.15 to 3.02 GHz; the second one has the bandwidth that is covered from 3.81 GHz to 5.20 GHz. Next, the bandgap properties of the EBG structures at step 4 are considered by investigating the effect of parameters such as the size of unit cell , and the gap between two adjacent unit cells 1 to the bandgaps in both cases of DEBG and BEBG.
Broadband EBG (BEBG).
In general, in order to obtain a wider EBG operation bandwidth, it is necessary to increase and reduce . Equivalent inductance can be increased using a thicker dielectric substrate and also including in the geometry narrow and long strips (lines). Equivalent capacitance can be reduced by reducing substrate's relative dielectric permittivity and increasing the gap between the metallization edge and the unit cell edge (and so the gap between adjacent unit cells). Moreover, the thickness of substrate has to be adopted in order to obtain both compact size and broad EBG operation bandwidth. In the EBG design procedure, if the dielectric material and its thickness have been chosen in this analysis, the total equivalent inductance cannot be altered. Therefore, only capacitance can be changed. Regarding the total equivalent of the unit cell, the contribution due to the gap between adjacent EBG cells (coplanar ) varies as the distance between unit cells reduces (which increases ) and also the distance between the Sierpinski triangles in the EBG unit cells (which decreases coplanar ). More important, in addition, the contribution due to the capacitance between unit-cell metallization and the unit-cell ground plane (parallel plates) is reduced for smaller unit-cell size ( ).
Finally, the wider EBG operation bandwidth for smaller unit-cell size ( ) of this novel design is due to more significantly decreased values of the parallel equivalent circuit. Moreover, the EBG operation bandwidth is also increased by reducing the relative dielectric permittivity for a given unitcell size. In order to analyses the effect of the parameters of dimension on the total equivalent capacitance , the unitcell ( ) and the gap between adjacent EBG units ( 1 ) are investigated while other parameters are constant. The unitcell size ( ) is very important parameter to take effect on the bandgap, which affects the equivalent capacitance of the LC resonant circuit of the EBG structure. Firstly, we investigate the bandgap of the EBG structure with different values of . The unit cell size is increased from 2 mm to 10 mm while other parameters of the EBG structure are unchanged. The bandgap moves to lower frequency region with patch size increasing, and the bandgap becomes narrow. From Figure 7 , we can see that the equivalent capacitance diminished when the patch size increases, so the resonant frequency is decreased. Since the bandgap width is proportional to / , the bandgap becomes narrow. The detail of this is shown in Table 1 . Moreover, the effect of distance between adjacent EBG cells ( 1 ) on the width of the bandgap is also investigated, and the simulated results are shown in Figure 8 . As can be observed from Figure 10 , the EBG operation bandwidth becomes wider by increasing the gap 1 between adjacent EBG cells and the bandgap moves to the higher frequency area. It is shown that the coplanar is increased with the higher values of 1 .
Dual-Band EBG (DEBG).
In this section, the gap 2 between two adjacent Sierpinski triangles inside the EBG unit cell is also investigated while other parameters are constant. From Figure 9 , it can be observes that two bandgaps are determined by transmission coefficient. The unique characteristic of this design that is the structure can be transformed the bandwidth of broadband into dual bandgap when 2 is equal to zero. When the unit cell size is set at 4 mm, the first bandgap spans from 5.51 GHz to 7.73 GHz. The bandwidth of the second one is spreading from 10.20 GHz to 12.18 GHz. This can be indicated more clearly in Table 2 .
It can be observed from Table 2 that these bandgaps move forward to the lower frequency regions. It is clear that when the value of 2 is up to zero, two above bandgaps are moving to overlap each other and the broader bandgap can be obtained.
Conventional Mushroom-Like EBG.
In order to verify the bandgap characteristic of the broadband EBG structure (BEBG), an array of 3 × 4 unit cells of hexagonal mushroomlike EBG is investigated (see Figure 3(a) ). This EBG is also constructed on a dielectric substrate with a relative permittivity of 4.4 and thickness of 1.6 mm. The unit cell dimension is fixed at 10 mm. The simulated result of transmission coefficient is shown in Figure 10 . The bandgap is center at 6.77 GHz, and the bandgap bandwidth is from 5.22 GHz to 8.32 GHz, achieve the bandgap bandwidth about 46%. As can be observed from Table 1 the BEBG structure at = 10 mm is larger than that of the conventional EBG at the same dimension of the unit cell.
Results and Discussions
Both schematics of proposed EBG structures were simulated and taken into comparison with the measurement of the fabrication. The microstrip lines are soldered with SMA connector to measure the scatter parameters. The measured results of scatter parameters of the arrays are performed by Anritsu 37369D network analyzer. Photos of the proposed EBG structures are shown in Figure 11 . The simulated and the measured results of the parameters of BEBG structure and DEBG structure are shown in Figures 12(a) and 12(b) , respectively. It is very efficient to determine the bandgap by the transmission curves. From the measurement of 11 with the criteria of −5 dB, the operation bandwidth can be determined easily when the transmission coefficient 21 is below −30 dB. As can be observed from Figure 12(a) , the BEBG introduces a bandgap between the frequencies 4.15 GHz-10 GHz with the criteria of −30 dB, from that the electromagnetic wave cannot propagate. The bandgap bandwidth is about 83%. The reason is that the surface impedance of the EBG structure becomes very high within the bandgap. From Figure 12(b) , two distinct bandgaps of DEBG structure are defined in which the first bandgap is ranging from 2.17 to 2.97 GHz and the bandwidth of the second bandgap is spreading from 3.58 to 5.32 GHz. The bandgap bandwidths of the DEBG structure are 32% and 39%, respectively. It can be observed from Table 3 that the measured results show good agreement with the simulated results.
Conclusion
A novel EBG design is presented using Sierpinski gasket triangles, which are arranged to repeat 60 ∘ to form the hexagonal EBG unit cell. Two EBG structures, which have broadband and dual bandgap, are proposed by setting the value of the gap between two adjacent Sierpinski inside the unit cell is equal to 0 mm and greater than 0 mm, respectively.
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The suspending microstrip method is used to simulate the scatter coefficients of the EBG structure. The bandwidth of BEBG structure is much larger than that of the conventional EBG. The results show a good agreement between simulations and measurements. Due to several advantages of the structures such as using inexpensive dielectric substrate FR4 and planar structure, the EBG structures are promising for low profile and low cost antennas in broadband or multiband applications.
